This ongoing study intends to explore and formalize the information dependency patterns in network forms of organizations in construction project management. In construction projects, information is critical for seamless and cost-effective operations. Communication of project information and coordination of information exchanges between different project participants are essential for a project's success. On the other hand, a better understanding of information dependencies between participants is of utmost importance for strategic choices on information technology (IT) applications since decisions on IT investments greatly influence the effectiveness of not only internal communications within a project team, but also the interactions of the project team with other project-related organizations. In this paper, we provide a case study to highlight the characteristics of information exchanges and dependencies in construction project organizations. We introduce approaches that are wellaccepted by organization theorists in analyzing network organizations and assess their strengths and limitations in modeling information dependencies in construction projects. We focus specifically on dependency structure matrix, social network analysis and computational organization theory since these methodologies have been applied to construction project organizations. These methods, alone, have limitations in supporting decisions on investments regarding IT applications. We conclude with a research roadmap that highlights the research needs for modeling information dependencies within construction project organizations to enable effective IT investments.
INTRODUCTION
Construction industry can be considered a service industry since it provides information, knowledge and manpower support to the customer instead of just the product itself. Construction projects form a complex service network organization with different participants and distributed responsibilities. The complexity of construction projects stems from not only the complexity of the built environment, but also from the multi-cultural, multi-location, multi-disciplinary, multi-organizational nature of the project participants (Schwegler et al., 2001) . The current industry practice of outsourcing the majority of the work adds to this complexity since decentralization creates a network of services that needs to be designed, managed and controlled effectively to enable customer satisfaction. As a result, the execution of a construction project includes a complex network of service providers that change dynamically throughout the duration of a construction project.
In general, information is a major asset of a service and information dependency between different service units is the backbone of a service network. As cited by Hendrickson and Au (2000) , 850 individuals working within 420 different companies generate 56,000 pages of documents corresponding to approximately 3,000 MB of data at a typical medium size ($10 million) construction project. Collier et al. (2001) report that the number of documents generated for quality management purposes only is in the order of 5,000 per month on a major design-build highway project. Given the fact that missing and bad information are among the major causes of problems in construction (Howell and Ballard, 1997; Tucker et al., 1997; Abou-Zeid et al. 1995; NSF, 1999; Thorpe and Murray, 1996) , successful completion of a project depends on how well the information is managed within the service network.
As suggested by Abu-Zeid et al. (1995) , in a fragmented environment with high interdependency between different participants such as the construction industry, each participant must know more about the project than what is required to perform his/her individual job. Hence, to be able to perform his/her work efficiently and effectively, each service agent depends on different types of information provided by other agents on the network. Coordination of activities, on the other hand, get increasingly complex as customers expect faster, cheaper and higher quality services. As a result, the efficiency and effectiveness of a service network depends not only to the performances of individual service units, but also on the network that coordinates these units.
A suite of hardware and software systems is available for construction project managers to manage information in their project networks. Currently, the degree of utilization of various information technologies (IT) in a construction project varies from one project to another. A survey among 700 construction projects concluded that greater use of information technology results in better project performance (Thomas, 2000) . These observations are corroborated by other studies or anecdotal conclusions (Schwegler et al., 2001; EPRI, 2000; Howard et al. 1998) . Even though many owners and project managers have realized the benefits of utilizing IT, there is currently no systematic way of determining which technologies would be useful in what types of projects.
As the construction projects get more complex and the expectations of the owners increase, the need for efficient and effective information exchanges gets more pronounced. Without a formalism to identify the demand for information exchange in a given project, to incorporate information dependencies of various agents on a construction service network, and to select the appropriate IT systems to address that demand, the project managers will have a harder time managing construction projects.
In our ongoing research, our aim is to (i) develop an environment to model and analyze information dependencies between agents in a construction project network organization and (ii) enable the owners and project managers to make intelligent decisions on when to use what type of IT in a given project. Based on these aims, and the statements above, the research problem can be described in four steps. First of all, the characteristics of information transfer within the construction process need to be set. This is critical for understanding the dependency relationships between tasks and agents. Secondly, these characteristics should be observed/measured in the process. Third, a value of information dependency should be derived upon the measured levels of the characteristics. Finally, the critical IT application that matches the critical task in the process should be determined based on the comparison of derived values. In this paper, we present our findings and analysis regarding the first step of the problem.
In the rest of the paper, we briefly describe network organizations from a management of organizations perspective and introduce the research in that area. Then we focus on construction project organizations and define the underlying characteristics of information transfers in construction projects. Using a small case study, we describe the information dependencies in a project, and we use the case as a basis for developing a framework to model and analyze information dependencies on construction network organizations. After that, we describe some existing methodologies that can be utilized for modeling information dependencies in construction project network organizations and evaluate each of them in terms of their potential for use in our research. Finally, we conclude with a research roadmap in this area.
THEORY OF NETWORK FORMS: AN ORGANIZATIONAL PERSPECTIVE
Networks have emerged as new forms of organizations, and have attracted management theorists attention since the 1970s. A network -comprised of internal (e.g. varying business units in a large corporation such as General Motors) or external (e.g. suppliers of an auto manufacturer such as Toyota) business units or teams -is visible in almost all the industrial sectors of the economy.
Hierarchies and markets are the two traditional forms of organizations. In simple terms, the former coordinates economic exchanges through administrative means in a top-down fashion, where the means of communication is based on routines. In the latter, the coordination takes place purely based on supply-demand relations and the means of communication is price. In his seminal work, Powell (1990) argues that networks are viable forms of economic exchange and identifies them as being "neither hierarchies nor markets" while giving examples from various industries -including construction -to illustrate the notion of networks. Among his conclusions is that network forms have a comparative advantage in environments where innovation and customized products are demanded. In a more recent study, Birkinshaw and Hagenstrom (2000) , provide a detailed study on network organizations in various manufacturing companies in Scandinavia and determine flexibility to be a "meta-capability" in networks.
Numerous articles have appeared in academic journals in organization theory and elsewhere on network organizations (as well as closely related topics such as "value chains", "strategic alliances" and "virtual organizations"). On one hand, such work lacks the focus on day-to-day operations as well as information dependencies and transfers between internal and external parties in the network. For instance, in a survey article, Grabowski and Roberts (1999) suggest building redundancies into communication lines to mitigate the risk in high-velocity environments (such as time-critical projects) but they do not discuss how this could or should be done. On the other hand, IT related research focusing on network organizations (e.g. Mongue and Fulk, 1999; Hagstrom, 2000) does not go beyond strategic issues regarding the use of technology and lacks the engineering perspective we seek, in particularly for project network organizations. Yet, to develop the engineering perspective, we opt to study the analytical approaches in the management literature: transaction cost analysis (TCA), social network analysis (SNA) and actor-network theory (ANT) are three analytical techniques to analyze the nature of "networks" (Thompson, 2003) . In this paper we focus only on SNA among these three sociological approaches. We describe SNA, along with other (nonsociological) approaches to model information dependencies in Section 4.
INFORMATION TRANSFER IN CONSTRUCTION PROCESSES
Construction is a complex composition of processes planned and executed at different levels of details by many professions. Firstly, construction clients represent an infinite range of choices, since their requirements are a combination of functionality, aesthetics, culture and technology. The building program hints at the use of different components together that form systems. Systems come together at interfaces, where particular components have to interact with each other. In particular cases, some parts cannot go together. In other cases, some parts need a lot of time or space beforehand because of in-situ character of construction. In these insitu cases many prefabricated parts should be prepared with tolerances, and so on. All these activities require an ongoing interaction of knowledge and information transfer among many parties. This information can be the coordination orders, legal reference, the status of previous work done, or missing project information that is required to perform the job. Add the uncertain nature of the processes; construction work becomes an intricate entangled web of information transfer between various parties. Therefore, the management of construction work deals not only with the physical matters, but also with the creation of seamless communication networks.
The Agents Involved in Construction Projects
Construction projects require the involvement of many agents that take part in the processes. These agents have various objectives and ranging responsibilities. The ultimate goal is to accomplish the project by forming a body with parts that complete each other. Examples of these agents are (Hendrickson and Au, 2000) :
• Project owner and users of the facility,
• Design consultants, i.e., architects, engineers,
• Contractors and specialty contractors,
• Rule-setting parties, i.e., authoritative platforms, governmental or community bodies,
• Suppliers, i.e., material or equipment suppliers, energy or transportation companies,
• Coordination consultancy agents, i.e., construction management and program management companies.
This list is neither exhaustive nor complete. It reflects the functional characters/roles of the agents that can be used to characterize information flow to/from each agent. The contents of the transaction as well as the way it is transferred changes based on the role of an agent. For example, a governmental body, as a rule-setting platform, propagates information in onedirection. It is up to the owners, architects and project managers to retrieve the specifications and rules relevant to a project and to make sure that the project is executed accordingly. On the other hand, interaction between a contractor and a client is reciprocated; e.g., client initiating a change order and contractors or designers initiating a request for information. Similarly, the frequency of information transfer changes with the role an agent plays. For example, the frequency of communication between a contractor and a material supplier may be low from the time a purchase order is issued until close to the material delivery.
Modeling Construction Processes and Information Dependencies
Construction processes can be modeled like any other industrial process, in terms of activities and their use of resources that is linked within a time-span. General groups of resources include people, equipment, material, energy, space and information (Sanvido, 1984; Oglesby and Howell, 1989) .
A process can be represented by a network of activities with relationships between them. These relationships, which are generally modeled as predecessor/successor relationships, may exist because of the physical nature of the project, e.g., supported by relationship and/or because of constraints. The physical relationships and constraints that exist because of the physical resources (such as crew, material, equipment and space) are discussed in the literature extensively. However, few research projects within the construction domain focus on modeling the information dependencies between agents (see Section 4).
Various aspects of the information transfer between the agents need to be considered to effectively model the information dependencies between agents. Based on this, we have identified the following characteristics:
1. Sensitivity: reflects to the extent a given task is affected by the information input from the predecessor. While some tasks operate directly on the output of a predecessor, others may be partially affected from such information. This characteristic can be represented by a relative value among a set of tasks in an operation. Sensitivity is the most critical characteristic in modeling the information dependencies between agents.
2. Timing: refers to the moment the information is created at. It may be a spontaneous result of a preceding task, or it may be from a decade old governmental report. This characteristic may be an indicator of the variability or reliability of the information that is transferred.
3. The parties involved: varies tremendously because of the nature of construction. The multi cultural, professional characters of operators may affect the availability, reliability and speed of the transferred information. These attributes are key to observing the criticality of information dependency between agents.
4. Frequency of communication: hints the strength of the link between two agents in comparison to the other links in the network. Paired with other characteristics it may indicate the criticality of the content being transferred within the whole network of activities.
5. Type and format of information: refers to the origin of the information and the form in which it is conveyed to other agents. The information may originate based on a measured fact, i.e., a dimension, temperature measurement, or a coordination decision, i.e., timing of an activity. Regardless of its type, information can be formatted into various media, written or drawn; or can be communicated in many ways. The combination of type and format affects the variability, reliability, understandability and permanency of the information.
6. Delivery method and bandwidth: describes how the information is transferred from one agent to another and how much of it is done at one time. Today, a multitude of choices are available for that purpose, including electronic or conventional communication methods, such as mail, e-mail, spontaneous messaging, phone calls or face-to-face interaction, such as meetings or briefings. The delivery method selected affects the speed and reliability of the transferred information. In addition to these, the bandwidth is affected by the capacity of the selected delivery method.
These characteristics provide a basis in analyzing the information dependency between tasks. Each characteristic can refer to the criticality of the transferred information solely or with the combination of other characteristics. Moreover, since these characteristics can be linked to specific IT applications, it is possible to relate critical information to appropriate IT tools. In Section 4, we review various approaches to modeling information dependencies based on the above characteristics.
Exploring a Construction Process -Case Study
In order to understand the issues associated with modeling information dependencies, we modeled a small construction process taken from a highway renovation project in Pittsburgh, PA. We intentionally selected a very small portion of an on-going process, pre-drilling for piling process, so that we could understand in detail the information dependencies between different agents. Figure 1 shows the position of the pre-drilling process with respect to its immediate predecessor and successor activities as stated in the two-week look-ahead schedule of the contractor. With a detailed elaboration of this activity into its work tasks, we have created a process (IDEF0) model to highlight the information inputs and outputs for each task. An IDEF0 model is not enough to model all the complexities of the information dependencies between agents. Therefore, we modified the IDEF0 model by highlighting the sensitivity and the variability of the information (see Figure 2 ). The choice (thick vs dotted vs non-dotted) of line connectors indicates the sensitivity level of any task to the information coming from the predecessor task. The choice (thick dotted vs dashed vs non-dashed) of an ellipse, refers to the degree of variability of the information residing in them. The IDEF0 enriched by these dependency attributes is useful as an overall view of the process, and in identifying the critical spots in the process. However, when we consider the temporal aspects of information, i.e., change in the variability of information within time, there are some deficiencies. To start with, the degrees of variability that are assigned in Figure  2 are subject to change in time. For instance, there is no variability associated with a task once the task is completed. Another deficiency is rooted in the somewhat superficial and subjective nature of assigning the dependency attributes to the tasks. In that respect, several questions arise: Can one introduce more attributes or higher degrees of an attribute? Is there a way to assign the attributes more objectively?
Based on our experiences in this case study, we can see how that the classical critical path method (CPM) based methodologies fail to represent information dependency between parties. Process model proves useful for an overall representation from start to finish of the process. Yet, it is inadequate to represent the temporal changes in values. Therefore we need a time-related expression of variability. To deal with dependencies, one can increase the number of attributes, and create links to specific IT applications. Finally, determining the appropriate level of detail for the analysis remains a critical issue. 
CURRENT APPROACHES FOR INFORMATION DEPENDENCY MODELING AND ANALYSIS IN ORGANIZATIONS
This section describes three approaches identified within the construction project management literature focusing on modeling certain aspects of information dependencies between agents.
In each subsection, we assess the capability of each approach in addressing/modeling various dimensions of information dependencies that were characterized in Section 3.2.
Dependency Structure Matrix (DSM)
During the design phase of a project, the interactions between specialty designers are critical in achieving a cohesive and constructable design. These interactions are reflected in iterative processes, -feedback loops to achieve a more complete design as a response to the latest constraints. For example, assume that a requirement of a hole on a structural member arises. This requirement results with the redesign of this structural member in reference to this constraint. That change may require further changes about the mechanical design, and so on. For such a process with iteration, conventional modeling tools are not helpful. Steward (1965) suggests that design problems can be solved more efficiently with a matrix representation of activities and relationships among them. This theory found usage outside of design, and it is known as Dependency Structure Matrix (DSM) (Austin et al., 2000) . DSM method provides a graphical convention to represent the iteration, and allows one to rearrange the activities within a process to reduce the size of iteration loop (Denker et al., 1999) .
Basically, DSM method models the design processes, analyzes the dependencies between them and displays the iteration loops with the intention of reorganizing the task order and achieving a process with lesser iteration. DSM innovatively uses a matrix representation to mark information input and output links between tasks. In this matrix tasks form both the rows and columns in the order they are accomplished in the process. Each input is marked with a cross, which creates a matrix diagram with scattered crosses below and above a diagonal. The idea is to reduce the distances of crosses above to the center diagonal, the intersection of the column and the row of a task. For that purpose many techniques are employed, Austin et al. (2000) mention some of these: path searching, Boolean Algebra, knowledge-based expert system or a generic algorithm. The authors have adapted the DSM technique to the design problems in construction industry. Their Analytical Design Planning Technique (ADePT) focuses on the complex problems of multi-party building design processes (Austin et al., 2000) .
In our context, Yassine et al. 's (1999) contribution to DSM is of the greatest importance.
Here, on top of DSM, the authors introduce the concept of Structural Sensitivity Analysis (SSA). This is an extended measure set to describe the strength of dependency between tasks in a process. In contrast to the conventional DSM method's single attribute dependency analysis, SSA proposes a bi-variate model, founded on sensitivity and variability. A task can have different levels of sensitivity to the information coming from a predecessor task. Plus, this predecessor as an information source can have different variability levels. SSA derives a single sensitivity value with the multiplication of these two levels. In fact, we applied the SSA in our case study in the previous section (see Figure 2 ).
For our case study, DSM method is promising in terms of analyzing the dependency between tasks in a process. SSA can further be enhanced with the introduction of other variables for analyzing dependency. Moreover, DSM method can serve as a tool to analyze the type or format of the information that is transferred, as well as the parties involved, and precedence relationship although it is not designed for that purpose.
However, as discussed previously, the measurement of dependency remains somewhat arbitrary and subjective and needs to be improved. Once can introduce more attributes, which can reduce the bias and increase the accuracy of the results. On the other hand, DSM targets iterative processes, which are not the focus of our case study.
Social Network Analysis (SNA)
A social network is composed of nodes (agents, i.e., persons, social groups or organizations) and links in-between these nodes (relationships, i.e., friendship, co-working or information exchange). Social network analysts try to illustrate the patterns of relationships within groups, outline the flow of information through them and generate "what if" scenarios (Garton et al., 1997) . This perspective draws a theoretical framework not only for data collection, but also for analysis. The collected network data can be used to portray significant organizational processes at different levels of analysis, thus "linking micro and macro approaches to organization behavior". For example, you can track the individual telephone calls between the members, but also have a broader idea on frequency of communications within the organization. You can even determine the subsets of the organization through telephone cliques. Social network analysis combines the static and dynamic aspects of organizations by tracing relationships between social objects within a timeline (Tichy et al., 1979) . Tichy et al. (1979) group network properties in three sets: in terms of the transactional content, the nature of the links and the structural characteristics. The types of transactional content can be enumerated as expression of affect, influence, or exchange of information as well as goods and services. Nature of the links refers to the strength and the qualitative nature of the relation between two social objects. Any relation can be evaluated in terms of intensity, reciprocity (degree of symmetry), clarity of expectations, and multiplexity (degree of multiple relations). Finally, the structural characteristics give an overall pattern of relationships. Structural characteristics can be divided into four levels. The highest level, external network, considers the connections of the overall organization with outside world, to other organisms, groups or individuals. Total internal network is about how the internal links are set up. Clusters within the network deal with the minor groups (work groups, emergent coalitions, or cliques) formed within the largest boundary. And finally, at the lowest level lies the individuals as special nodes within the network. For all these levels, the descriptive terms are size, density, clustering, openness, stability, reachability, centrality, star, liaison, bridge, gatekeeper and isolate (Tichy et al., 1979) .
The attributes of an existing network can be discovered only with the help of appropriate data collection methods. These methods vary from using information from simple organizational charts to enhanced interactive analysis, which extends to a period of time on a set of network nodes/agents. Most of the researchers apply multiple analyses at a time to achieve the most complete view of the system. The collected network organization data is mentioned as sociometric data, which is basically displayed on network matrixes. Sociometry defines the relationships clearly by the help of some representation techniques, such as a sociogram. A sociogram displays the agents and links in-between them, in terms of density, clustering, centrality, etc. with the information coming from sociometric data (Tichy et al., 1979) .
SNA provides a highly abstract, empirical model of organizations. It can be useful in determining the type or format of the transferred information, as well as the parties involved and the delivery type. For our case, a sociogram provides a strong visual representation of the links between parties involved within the projects. However, designing a SNA is very cumbersome. The construction project management networks are irregular, vaguely defined organizations that change over time. In this respect, it would be hard to apply and continuously update the SNA since it provides a snapshot of an organization at a certain point in time. Besides, SNA is limited by the analysis of one constraint at a time such as the bandwidth, frequency or importance of the communication channels. It is not possible to define dependency with only one characteristic.
Computational Organization Theory
A generalized organizational behavior cannot be explained by examining only "the characteristics of the component agents (e.g., employee's age, gender, race), the tasks (e.g., number of steps, time to completion), or the situation networks (e.g., formal structure is/not a hierarchy, informal structure is/not dense, communication structure is/not bidirectional or reliable)" (Carley and Prietula, 1994) ; various perspectives have to be combined. As the use of "formalisms" (e.g., computer simulations) for theory building gain acceptance, the theorists prefer "computational models of people, tasks, and networks interrelated in complex, dynamic, adaptive ecological systems" to understand organizational behavior (Carley and Prietula, 1994) .
The Virtual Design Team (VDT) is a simulation model developed by Levitt et al. (1994) at Stanford University. It targets the information processing and communication activities in a multidisciplinary engineering design organization. The model uses qualitative reasoning concepts derived from artificial intelligence. VDT requires inputs like the definition of the design task and the sequential relationships between subtasks. Moreover, the actors in the design team, their organizational structure and responsibility descriptions are another set of inputs. Lastly, a list of available communication tools is required. VDT predicts the total processing time for individual subtasks as well as the longest critical path to complete the whole design process. The simulation model supplies decision makers with a test tool on the analysis of cost and project duration with regard to organizational pattern and communication infrastructure. The output of VDT helps the decision makers to analyze the workload of each member, and provides feedback on quality of work with regard to this information. The data input is through observations and interviews with the design managers (Levitt et al.,1994) .
In the context of our case study, a computational analysis can reveal the facts about the frequency, type and format of the information. It can also indicate the parties involved, timing constraints and the delivery methods of a transfer. Moreover, the original purpose of VDT can help us determine the critical tasks or agents within the process network/organization.
Although VDT is promising for evaluating many attributes, the prior need to design extensive surveys is a major drawback. Like DSM, VDT originally targets design organizations for analysis. When compared to one-off organizational structure of construction project management, design organizations are much stable and model-able. The parties involved in a construction project network vary from one project to another, and over time during a project; hence it is very likely that the organization is different at the time the survey for the VDT starts and when it is completed! This is a shortcoming regarding the application of this methodology.
CONCLUSIONS
In this paper, we gave a brief overview of the literature on network organizations, and modeling information dependencies in organizations. Modeling of information dependencies between agents in a construction project network organization is crucial for the successful management of a project. Yet, it is challenging because of the different characteristics of information that need to be represented. In an attempt to characterize information dependencies, we proposed a number of factors that need to be considered in modeling information transfers. Previous research on modeling information dependencies within construction domain is effective in considering certain characteristics, but falls short of representing many of the factors we identified. As illustrated using our small case study, the existing methodologies have major shortcomings in modeling information dependencies in a construction project.
There is still a need for the development of a framework to model all aspects of information dependencies. More research needs to be done in identifying important characteristics of information dependencies that need be considered in such a framework. Moreover, there are many IT software and hardware applications that could help in managing some of the information dependencies. During the next phase of this research, we will map the existing IT applications to the information characteristics. Finally, we will develop simulation-based approaches to reason about information dependencies and also the capabilities of existing IT systems so that users can understand the implications of information dependencies and develop what-if scenarios to identify technologies that will be useful in certain situations in a construction project network organization.
ACKNOWLEDGEMENT
The project is funded by a grant from the National Science Foundation. Their support is gratefully acknowledged. Any opinions, findings, conclusions or recommendations presented in this paper are those of authors and do not necessarily reflect the views of the National Science Foundation.
